Introduction
Tissue lipid extraction and lipid class analysis. Total lipid was extracted from liver samples 146 with chloroform:methanol, 2:1 (v/v) and quantified on a Camaq HPTLC system and separated 147 on HPTCL silica gel as previously described (30) . metagenomic DNA with the primers T7prom-Bact-27-F and Uni-1492-R (Table 2) . These 170 PCR products were transcribed, labelled with Cy3 and Cy5 dyes and fragmented as described 171 elsewhere (38) . Finally the samples were hybridized on the arrays at 62.5 o C for 16 hours in a 172 rotation oven (Agilent Technologies, Amstelveen, The Netherlands). After washing and 173 scanning of the slides, data was extracted with the Agilent Feature Extraction software, 174 version 9.1. The data were normalized and analyzed using a set of R-based scripts in 175 combination with a custom-designed relational database, which operates under the MySQL 176 database management system. 177 The RPA signal intensities were taken to analyze microbiota profiles at different levels of 178 taxonomic resolution as indicated in the text (23) supplemented with sucrose (HFS) were significantly heavier than the reference group already 207 at week 10, whereas the difference between the REF and HFP fed mice first became 208 significant from week 53. The body weight development revealed distinct differences in 209 growth rates during the feeding trial and growth rates for HFS fed mice were higher than HFP 210 fed mice during week 0-8 and week 10-65. As expected, growth rates declined significantly 211 with time for all diets (p<0.0001).
212
Weekly and cumulative energy intakes were significantly higher in both HF groups compared 213 to the REF group (p<0.0001 for all comparisons, data not shown). The HF fed mice had a 214 comparable energy intake during the feeding trial, with the exception of week 4-10 and week 215 70-76 where the HFS fed mice ate more. This resulted in a significantly higher weekly and 216 cumulative energy intake in the HFS group compared to the HFP group (p<0.0039 and 217 p<0.0001, respectively). Feed efficiencies were comparable in HFS and HFP fed mice during 218 11 the first 8 weeks of feeding ( Fig. 1B) . However, during week 10-65, the feed efficiency in 219 HFS fed mice, but not HFP fed mice, was significantly higher than in the REF group. In week 220 70-95, HFS and HFP fed mice lost body weight. For all groups, a reduction in feed efficiency 221 was also evident during time.
222
The white adipose tissue depots, inguinal white adipose tissue (iWAT) and gonadal white 223 adipose tissue (gWAT), reflected body weight, and mice fed the HFP diet were protected 224 against an increase in adipose tissue mass compared to the REF fed mice ( Fig 1C) . As 225 expected, the white adipose tissue increased with time in all groups.
226
Comparison of the survival curves between the different dietary groups until 50% survival, necropsy, but there was no systematic cause of death. Overall, the relationship between diets, 232 adiposity and survival indicated that obesity, and not the high fat feeding, was linked to a 233 reduction in survival as determined when 50% of the mice had died. Thus, a high fat diet only 234 led to a significant reduction in survival when combined with a high sucrose intake that also 235 increased body weight and fat mass. On the other hand, a high fat diet combined with a high 236 protein intake prevented a significant reduction in survival, and in addition, also reduced body Obesity and high fat feeding are associated with hepatic steatosis. Mice fed a diet with high 242 protein:sucrose ratio were protected against high fat diet-induced accumulation of 243 triacylglycerol in the liver after 3 and 6 months of feeding ( Fig. 2A ). The HFP fed mice were 244 also protected from a high fat diet-induced increase in liver weight compared to the REF fed 245 mice, contrasting the increased liver weight and triacylglycerol accumulation observed for the 246 HFS fed mice ( Fig. 2A ).
247
In agreement with previous studies in male mice (14, 30, 32) , intake of a diet with high 248 protein:sucrose ratio did not protect the mice against high fat diet-induced impairment of 249 glucose tolerance at 3 months ( Fig. 2B ). Both groups of high fat fed mice displayed an 250 impaired glucose clearance compared to mice receiving the REF diet, with the HFP fed mice 251 exhibiting the largest area under the curve during the glucose tolerance test. However, at 18 252 months we observed no difference in glucose clearance between the groups (Fig. 2C ).
253

Modulation of global gene expression in liver and adipose tissue during time is dependent
254 on the protein:sucrose ratio 255 To achieve an overview of global changes in gene expression over time in relation to feed 256 intake and composition, we performed digital gene expression (DGE) analyses on liver and 257 two metabolically different adipose tissue depots, iWAT and gWAT. For iWAT and gWAT,
258
PCA plots revealed a clear separation between the samples taken at different timepoints (6 vs. 259 18 months), while the separation according to the protein:sucrose ratio was less pronounced 260 ( Fig. 3A ). For liver, only samples from HFP fed mice separated clearly after 18 months of 261 feeding. In keeping with the clear clustering in the PCA of gene expression in liver from HFP 262 fed mice at 18 months, 361 genes in the HFP fed mice, but only 15 genes in the HFS fed mice 263 were differentially regulated between 6 and 18 months, demonstrating the impact of the HFP 264 diet over time in liver. In the fat depots, the HFS diet caused a higher number of genes to be 265 13 differentially regulated between 6 and 18 months in iWAT (663+150) and gWAT (1014+199) 266 compared to HFP feeding (iWAT (154+150) and gWAT (269+199)), indicating significant 267 diet-dependent differences in expression of genes over time especially in adipose tissues (Fig. 268 3B). 271 To investigate if hepatic lipid accumulation was associated with changes in expression of 272 genes involved in fatty acid synthesis and oxidation, we performed RT-qPCR analyses on 273 RNA isolated from liver. In line with previous short-term studies (30, 32), hepatic expression 274 of the lipogenic genes, Acaca, Fasn and Scd1, was reduced in the HFP fed mice after 3 275 months of feeding ( Fig. 4A ). However, after 6 months of HFP feeding only expression of 276 Scd1 was reduced, whereas expression of both Scd1 and Fasn was reduced after 18 months of 277 HFP feeding. This demonstrates that diet-induced changes in gene expression only persisted 278 for some of the measured lipogenic genes during long term feeding, suggesting that a general 279 lower capacity for de novo hepatic fatty acid synthesis in HFP fed mice was only maintained 280 during the first 3 months of feeding. Still, the HFP fed animals remained less obese than the 281 HFS fed animals throughout the study. By 3 months of feeding, the levels of mRNAs 282 encoding enzymes involved in fatty acid oxidation (Acox1, Cpt1a and Acadm) and 283 ketogenesis (Hmgcs2) were similar in low fat and high fat fed mice (Fig. 4B ). By 6 months, 284 expression of the genes involved in fatty acid oxidation, Acox1 and Cpt1a, was up-regulated 285 in the high fat fed mice compared to low fat fed mice, although this was not seen after 18 286 months. Thus, the protein:sucrose ratio strongly affected expression of genes involved in lipid 287 metabolism during the first phases of feeding, but the difference between the HFS and HFP 288 fed mice diminished over time. with the lower body weight and fat pad mass in the HFP fed animals.
269
A high dietary protein:sucrose ratio modulates long term effects on expression of genes 270 involved in fatty acid metabolism, amino acid degradation and gluconeogenesis
294
High fat feeding and adipose tissue expansion are associated with low-grade inflammation in 295 adipose tissue. HFS feeding led to increased expression of mRNA encoding inflammatory 296 markers, Ccl2 (chemokine (C-C motif) ligand 2) and Serpine1 (serine (or cysteine) peptidase 297 inhibitor, clade E, member 1) ( Fig. 4E ), but not in macrophage infiltration markers, Cd68 and 298 Emr1 (EGF-like module containing mucin-like, hormone receptor-like sequence 1) at 3 and 6 299 months (Fig. 4F ). This increase was attenuated in mice fed the diet with high protein:sucrose 300 ratio. However, after 18 months of feeding, expression levels were similar in all groups, 301 except that expression of Cd68 and Emr1 mRNA was elevated in HFP fed mice compared 302 with HFS and REF fed mice. 304 Whereas changes in gene expression can reflect modulation of metabolic processes, several 305 recent studies have suggested that the gut microbiota plays an important role in diet-induced 306 obesity (1, 8, 24, 40, 47, 48) and associated metabolic disorders (24, 37). To investigate how shown). RDA plots showed distinct separation of the microbiomes from 3 over 6 to 16 325 months of feeding, for all three diets (Fig. 7A, B and C) . Interestingly, while there was no 326 common bacterial phylotypes driving the age-related separation of the gut microbiomes across 327 the diets at three months, several phylotypes (Sphingomonas, Desulfovibrio, Olsenella, 328 Akkermansia muciniphila) were driving separation in relation to HFDs at six months, and two 329 bacterial phylotypes (Porphyromonodaceae and Clostridiaceae) were driving the separation 330 of the gut microbiome composition for all three diets at 16 months. Taken together this 331 suggested that host age was a major driver of microbiome composition independent of diet.
303
Host age and dietary fat are major drivers of gut microbiota composition
332
This was further supported by a weaker separation of the gut microbiomes between HFS and 333 HFP with host age as shown in figure 7 . 334 Overall, the most pronounced changes in the composition of the gut microbiota were observed 335 in relation to age ( Fig. 7) and dietary fat content (Fig. 5 ). Although gut microbiomes separated 336 in response to changes in the dietary protein:sucrose ratio (Fig. 6 ), this was not as prominent 337 as the impact of a HFD. Experiments using rodent models of high fat diet-induced obesity have provided considerable 341 insight into obesity-related metabolic disorders (20). However, by using such models it is 342 difficult to distinguish obesity related effects from effects elicited by high fat feeding. To 343 discriminate between these factors, we took advantage of the observation that obesity is 344 prevented if the increase in dietary fat is accompanied with an increased protein:sucrose ratio 345 (12, 14, 30, 32, 33, 36) . Short term effects of high protein diets are well described (12, 14, 30, 346 32, 33, 36), but less is known in relation to long term effects. Therefore, we fed mice high fat 347 diets with both a high and low protein:sucrose ratio throughout life to investigate the long-348 term effects on metabolism and survival.
349
As previously demonstrated in short term studies with male mice (14, 30, 32), high protein 350 feeding protected mice from developing high fat diet-induced obesity. This study 351 demonstrates that high protein feeding has a persistent long term effect preventing high fat 352 diet-induced obesity. The lean phenotype of the HFP fed mice, together with the obese HFS 353 fed mice, provides a unique opportunity to distinguish the impact of high fat feeding from that 354 of obesity development in relation to survival and gut microbiota composition.
355
The mice fed a HFS diet exhibited a significant reduction in survival compared to the REF fed (22) concluded that the harmful effects of high fat diets on longevity were 362 linked to early and rapid obesity development. Thus, the results from their study and our study 363 indicate that the state of obesity, rather than high fat feeding is associated with reduced 364 survival. In contrast to these studies, the use of a matrix-based approach for changing the 365 macronutrient composition of the feed concluded that lifespan increased with a decrease in the 366 protein:carbohydrate ratio (43). It is possible that the discrepancies between our study and that 367 of Solon-Biet et al. in relation to the effect of protein:carbohydrate ratio on lifespan may be 368 due to the fact that we used a higher protein:carbohydrate ratio, mainly due to a lower 369 carbohydrate content in our HFP diet. Never the less, in agreement with our study, a low 370 protein:carbohydrate ratio was also associated with increased body fat and hepatic lipid 371 accumulation.
372
The timing of a high protein intake in humans has been considered in relation to lifespan, 373 where a high intake of animal proteins during middle age (50-65 year) was reported to be 374 associated with an increase in all-cause mortality linked to a higher level of IGF-1, while a 375 decreased mortality was reported in older persons (above 66 years) (25). However, a high 376 protein intake in this study was defined as 20 energy per cent or more and a low protein intake 377 defined as less than 10 energy per cent, while all the diets from our mouse experiment had a 378 protein content close to or above the definition for high protein intake in the human study.
379
The impact of IGF-1, in addition to insulin signaling, has also in earlier studies been related to An impact of gender on lifespan has been demonstrated in several studies ((29, 39) , where an 387 extended lifespan is generally reported in females compared to males. As IGF-1 has been 388 linked to survival, it is of interest that there are reported gender differences in lifespan of mice 389 with heterozygous knockout of the insulin-like growth factor type 1 receptor (21). In the study 
393
Female mice are largely protected against metabolic disorders, despite obesity and increased 394 serum TAG and cholesterol when fed a high fat diet (35). However, similar to our earlier 395 findings in male mice, high fat feeding in combination with high amounts of sucrose leads to 396 impaired glucose tolerance (14, 30) . A high protein:sucrose ratio did not protect the mice 397 against high fat diet-induced impaired glucose tolerance when mice were fed for 3 months, 398 despite protection against obesity. Supporting this, expression of Pepck, encoding the rate-399 limiting enzyme in hepatic gluconeogenesis was increased in HFP fed mice. In agreement 400 with a similar report of a transiently impaired glucose homeostasis in high fat high protein fed 401 mice (22), we observed no difference in glucose clearance between the groups after 18 402 months.
403
A high protein:sucrose ratio protected the mice against high fat diet-induced accumulation of 404 triacylglycerol in the liver for at least 6 months. Moreover, the high protein:sucrose ratio 405 alleviated the initial high fat diet-induced expression of inflammatory markers in adipose 406 tissue. In line with an earlier report that female mice were protected against high fat diet-407 induced macrophage infiltration (35), we did not detect increased expression of macrophage 408 selective markers in samples obtained after 3 and 6 months of feeding. However, after 18 409 months of feeding, expression of the macrophage infiltration markers, Cd68 and Emr1, in analyses of liver mRNA indicated that a high protein:sucrose ratio led to increased amino acid 414 catabolism and ureagenesis, as well as reduced lipid synthesis during the first months of 415 feeding, in agreement with our earlier short term experiments in male mice (14, 30, 32) . Our 416 study also demonstrated that the increased expression of genes linked to amino acid 417 degradation and gluconeogenesis was maintained in the HFP fed mice after 18 months of 418 feeding. By contrast, the changes in expression of genes involved in fatty acid synthesis were 419 not sustained throughout the study.
420
As the gut microbiome is modulated in response to diet (6, 26), obesity (1, 8, 40, 47, 48) , 421 inflammation (5) and host age (46, 52), it was of interest to follow how the different diets 422 affected the gut microbiota over time. In agreement with previous reports (6, 51), we observed 423 that dietary fat was a strong driver of the composition of the gut microbiota. Moreover, we 424 found that the protein:sucrose ratio significantly affected microbiome composition. The 425 dietary protein:sucrose ratio regulates the development of obesity in mice (30), and an obese 426 phenotype may in itself impact the microbiota (26). However, we observed an increasing 427 difference in obesity over time between HFS and HFP fed mice, which occured in parallel 428 with a decrease in differences between the gut microbiomes of these groups, suggesting that 429 obesity-independent changes in the gut microbiome occured in response to ageing and dietary 430 protein:sucrose ratio. Thus, a distinct microbiome composition was observed at 3, 6 and 16 431 months of age within all three dietary groups, confirming that age-dependent changes 432 occurred in the gut microbiome. Interestingly, while the bacterial phylotypes driving the 433 longitudinal differences within each dietary group were not the same for the three diets at 3 434 months, the inter-dietary differences diminished with time, suggesting that host age is a major 435 driver of the gut microbiome composition independently of diet. Age-related changes reported in elderly people (7) may be associated with decreased capacity 438 for energy harvest from the food (48). In our study, Akkermansia muciniphila, a bacterium 439 previously associated with leanness and inversely correlated with body weight (9), was 440 driving the difference in gut microbiome composition at 6 months for animals fed the two HF-441 diets. Interestingly, at this time-point the HFS fed mice, but not the HFP fed mice, were 442 significantly more obese than the REF fed mice, suggesting that Akkermansia was affected by 443 dietary fat rather than by bodyweight.
445
Overall, high dietary fat content and host age, independent of obesity, appeared to be the two 446 most important drivers of the gut microbiota composition in this study. In contrast to this, the 447 survival of mice was significantly reduced in the obese HFS fed mice compared to the low fat 448 REF group, but not in the lean HFP fed mice, suggesting obesity to be more important for 449 survival than the high dietary fat intake. This is also in line with the changes related to 450 progression of colon cancer (28), reported to be induced by high fat feeding, but resulting 451 from obesity and not diet. These results highlight the importance of separating the impact of 452 high fat feeding from that of obesity. In the present study the dietary fat content was a more 453 important driver of the gut microbiota composition than obesity, as the mice fed a HFS and 454 HFP diet had similar gut microbiota profiles despite differences in obesity development.
456
In conclusion, our findings support the notion that reduced survival in response to high fat 457 feeding is linked to obesity development in mice fed a diet with a low protein:sucrose ratio. A 458 high protein:sucrose ratio in the diet protected against high fat diet-induced obesity, hepatic 459 lipid accumulation and a significant reduction in survival. We observed the greatest diet-460 dependent differences in gene expression during the early period of growth. Over time these 461 21 differences diminished, pointing to the importance of the early growth period. We detected 462 marked effects on the composition of the gut microbiota over time, and fat content in the diet 463 and age rather than adiposity or protein:sucrose ratio were observed to be major drivers 464 shaping the gut microbiota. Equal for all diets: Cellulose (50 g/kg), Choline bitartrate (2.5 g/kg), Mineral mix (45 g/kg),
713
Vitamin mix (10 g/kg), tert-Butylhydroquinone (0.014 g/kg). 
